Introduction
============

Cellular senescence of hepatocytes, cholangiocytes, stellate cells and immune cells is extensively involved in chronic liver diseases ([@b1-etm-0-0-8037]). Senescent cells exert an influence on their neighboring cells and microenvironment through a number of types of components, such as cytokines, chemokines and growth factors; this is referred to as the senescence-associated secretory phenotype (SASP) ([@b2-etm-0-0-8037]). There is accumulating evidence that the culture medium of senescent cells is enriched with chemokines ([@b3-etm-0-0-8037],[@b4-etm-0-0-8037]). Chemokines and their receptors can modulate the migration of immune cells ([@b3-etm-0-0-8037]).

The liver is enriched with immune cells, such as Kupffer cells, dendritic cells, natural killer (NK) cells and NKT cells. NK cells represent a population of lymphocytes with potent cytolytic activity against infectious microbes or tumor cells. These cells are the main component of innate immunity and are able to interact with other immune cells such as macrophages, monocytes, neutrophils and dendritic cells ([@b5-etm-0-0-8037],[@b6-etm-0-0-8037]). The function of NK cells is normally regulated by a wide variety of surface receptors that respond to various signaling molecules. C-X-C motif chemokine receptor (CXCR)3 is an important receptor expressed on the surface of NK cells. Cells with a high expression level of CXCR3 display an activated phenotype, exerting strong cytotoxic effects. C-X-C motif chemokine ligand (CXCL)-9, −10 and −11 are selective ligands for CXCR3 and are usually expressed at low levels in homeostatic conditions. In response to interferon (IFN)-γ stimulation, the expression of CXCL-9, −10 and −11 is enhanced in monocytes, endothelial cells, fibroblasts, cancer cells and other cell types ([@b7-etm-0-0-8037]--[@b9-etm-0-0-8037]). The CXCL-9, −10, −11/CXCR3 axis takes part mainly in immune cell migration, differentiation and activation, supporting the hypothesis that this chemotaxis is involved in liver injury, repair and tumorigenesis ([@b10-etm-0-0-8037]--[@b12-etm-0-0-8037]). However, the effect of the CXCL-9, −10, −11/CXCR3 axis in hepatocellular senescence remains unknown.

As demonstrated by a previous study, H~2~O~2~ successfully induces hepatocyte AML12 cells to develop a senescent phenotype ([@b13-etm-0-0-8037]). In the present study, the chemokines secreted by senescent hepatocytes and the contribution of these cells to the modulation of the function and migration of NK cells were investigated. The role of CXCL-10/CXCR3 chemotaxis, particularly in the recruitment of NK cells, was explored. Moreover, the effect of senescent hepatocytes on the function of NK cells was investigated.

Materials and methods
=====================

### Animals

Male and female C57BL/6 mice (age, 8--12 weeks; weight, 21.3--24.9 g) were purchased from The Shanghai Experimental Animal Center (Shanghai, China). The total number of mice used in the present study was 12 (6 of each sex). All mice were housed under standard laboratory conditions in a temperature-controlled environment with a 12-h light/darkness cycle and received water and standard diet *ad libitum*. Mice were euthanized by cervical dislocation. The study was approved by The Ethics Review Committee for Animal Experimentation at Taizhou People\'s Hospital (Taizhou, China) and performed according to the relevant national guidelines.

### Cell lines

The transforming growth factor α transgenic mouse hepatocyte AML12 cell line (Type Culture Collection of the Chinese Academy of Sciences) was maintained in DMEM/F12 medium supplemented with 5 µg/ml insulin, 5 µg/ml transferrin, 5 ng/ml selenium, 40 ng/ml dexamethasone, 10% fetal bovine serum (FBS) and antibiotics (100 U/ml penicillin and 100 µg/ml streptomycin). The AML12 cells were incubated with 10 µM H~2~O~2~ in culture medium for 72 h to induce senescence, as previously described ([@b13-etm-0-0-8037]). The supernatant of the cells was then collected and frozen at −80°C until use according to a previous study ([@b13-etm-0-0-8037]). The mouse hepatoma cell Hepa-1c1c7 cell line (Type Culture Collection of the Chinese Academy of Sciences) was maintained in α-MEM supplemented in 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin, at 37°C in a humidified atmosphere with 5% CO~2~.

### NK cell isolation from mouse spleens

Spleens were removed aseptically from C57BL/6 mice. Single-cell suspensions of splenocytes were generated by passing the spleen through a 100 mm nylon mesh (Corning, Inc.) and washed with PBS supplemented with 3% fetal calf serum (Sigma-Aldrich; Merck KGaA) and 2 mM EDTA. Following lysis of erythrocytes using Pharm Lyse™ lysing solution (BD Biosciences) for 3 min at room temperature, splenocytes were washed and passed through a 40 µm nylon mesh (Corning, Inc.). Single-cell suspensions were prepared in RPMI-1640 medium (Sigma-Aldrich; Merck KGaA) containing 10% FBS (Sigma-Aldrich; Merck KGaA). NK cells were isolated from splenocytes using the mouse NK Cell Isolation kit (Miltenyi Biotec GmbH) according to the manufacturer\'s protocol. Briefly, NK cells were sorted by negative selection using LS Columns and the MidiMACS™ Separator (both Miltenyi Biotec GmbH) from spleen cell suspensions. The purity of NK cells was determined by flow cytometry using the BD FACS Aria II (BD Biosciences) with anti-NK1.1 and -CD3 antibodies. NK cells were incubated with allophycocyanin (APC)-conjugated anti-NK1.1 antibodies (1:50; cat. no. 550627) and FITC-conjugated anti-CD3 antibodies (1:20; cat. no. 553062) (both BD Biosciences) for 30 min at 4°C in the dark. Data were analyzed using the FlowJo software (version 7.5.5; Tree Star, Inc.). Following the isolation, the purity of the NK1.1^+^CD3^−^ cells was consistently \>95%. The viability of NK cells was evaluated by trypan blue (0.4%) staining for 10 min and counted using a hemocytometer by light microscopy. NK cell viability was 98%.

### Cytokine array

A total of 111 different cytokines in the supernatants of the cultures were measured using the Mouse XL Cytokine Array kit (R&D Systems, Inc.), according to the manufacturer\'s protocol. The dot blot membranes were developed by enhanced chemiluminescence horseradish peroxidase (HRP) substrate (Millipore; Merck KGaA). Data were analyzed using the ImageJ software (version 1.48; National Institutes of Health) and normalized to reference spots.

### Enzyme-linked immunosorbent assay (ELISA)

Levels of CXCL-9, −10 and −11 in cell supernatants were assayed using mouse ELISA DuoSet kits (cat. nos. DY492, DY466 and DY572; R&D Systems, Inc.). ELISAs were performed according to the manufacturer\'s protocols, and absorbance was determined at 450 nm using the CLARIOstar microplate reader (BMG Labtech GmbH). The concentrations were calculated using a standard curve line of best fit on the MARS Data Analysis software (BMG Labtech GmbH).

### Western blotting

Whole-cell lysates were prepared by lysing cell pellets in RIPA lysis buffer containing protease inhibitor cocktail (Roche Diagnostics). Total protein concentration was measured using Bicinchoninic Acid Protein Assay Kit (Pierce; Thermo Fisher Scientific, Inc.). Equal amounts of protein (20 µg) were subjected to 8% SDS-PAGE and transferred to polyvinylidene fluoride membranes (EMD Millipore; Merck KGaA), which were then blocked using TBS containing Tween-20 (0.1%) and 5% milk powder for 1 h at room temperature. The membranes were incubated with monoclonal anti-CXCL-9 (1:1,000; cat. no. 701117) and polyclonal anti-CXCL-10 (1:1,000; cat. no. PA5-79104) and anti-CXCL-11 (1:1,000; cat. no. PA5-47767) antibodies (all from Invitrogen; Thermo Fisher Scientific, Inc.) at 4°C overnight. Subsequently, the membranes were incubated with HRP-conjugated secondary antibody (1:1,000; cat. no. G-21040; Invitrogen; Thermo Fisher Scientific, Inc.) for 2 h at room temperature. Bound secondary antibody was detected using enhanced chemiluminescence reagent (ECL; Millipore; Merck KGaA) and captured using an Image Quant LAS-4000 (Fujifilm Corporation). Protein quantification was normalized to β-actin (antibody dilution, 1:1,000; cat. no. MA5-15739; Invitrogen; Thermo Fisher Scientific, Inc.).

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA from harvested cells was extracted using the RNA isolation kit (BioTeke Corporation). Following assessment of quantity and quality by spectrophotometry, the RNA samples were reverse transcribed into cDNA using PrimeScript™ RT-PCR Kit (Takara Biotechnology Co., Ltd.) according to the manufacturer\'s instructions. The qPCR assays using SYBR™ Green PCR Master Mix (Thermo Fisher Scientific, Inc.) were performed in an ABI PRISM 7000 Sequence Detection system (Applied Biosystems; Thermo Fisher Scientific, Inc.) under the following thermocycling conditions: 50°C for 2 min, 95°C for 10 min and 40 cycles of 95°C for 15 sec and 60°C for 1 min. Data were normalized to the control GAPDH and analyzed by the 2^−ΔΔCq^ method ([@b14-etm-0-0-8037]). Samples were assayed in triplicates in three independent experiments. The primers for the amplification of the indicated genes were as follows: CXCL-9 forward, 5′-GAAGCAGCCAAGTCGGTTAGTG-3′ and reverse, 5′-AATCATCAGCAGTGTGAGCAGTG-3′; CXCL-10 forward, 5′-TTAGTGGATGTTCTGACCCTGCTTC-3′; and reverse, 5′-TGGGAGGATGGCAGTGGAAGTC-3′; CXCL-11 forward, 5′-CCATCGGAGTTTACAAAGTGCT-3′; and reverse, 5′-TCTCCACCGTAACCACAGATAGC-3′; GAPDH forward, 5′-GCACCGTCAAGGCTGAGAAC-3′ and reverse, 5′-TGGTGAAGACGCCAGTGGA-3′.

### Functional analysis of NK cells by flow cytometry and cytotoxicity assay

NK cells (1×10^6^) were treated with supernatant from senescent or normal AML12 cells for 72 h. Following incubation with phycoerythrin (PE)-conjugated anti-CXCR3 (1:20; cat. no. 562152), FITC-conjugated anti-Ly49D (1:10; cat. no. 555313), PE-conjugated anti-CD107a (1:10; cat. no. 558661) and APC-conjugated anti-IFN-γ antibodies (1:20; cat. no. 562018) (all BD Biosciences) for 30 min at 4°C in the dark, cells were washed with and resuspended in ice-cold PBS. Fc receptors were blocked with 30 mg/ml mouse IgG (cat. no. 31205; Invitrogen; Thermo Fisher Scientific, Inc.) and 10 mg/ml anti-CD16/32 (cat. no. 101302; BioLegend, Inc.) for 20 min at 4°C. For the analysis of IFN-γ, permeabilization with 1X BD FACS Permeabilizing Solution 2 (BD Biosciences) for 10 min at room temperature was conducted prior to intracellular staining. The percentage of positive cells was determined using a FACS LSR flow cytometer (BD Biosciences).

The cytotoxicity of NK cells towards Hepa-1c1c7 target cells was assessed using the Cytotox 96 non-radioactive assay (Promega Corporation). Target cells were seeded on a 96-well plate at a density of 5,000 cells/well. NK cells were added at effector-to-target (E:T) ratios of 5:1, 10:1 and 20:1 and incubated at 37°C for 4 h. The supernatant was harvested for analysis of cytotoxicity according to the release of lactate dehydrogenase. The killing effect of NK cells against target cells was assessed using the following equation: Cytotoxicity=(Experimental-Effector spontaneous-Target spontaneous)/(Target maximum-Target spontaneous) ×100%.

### Chemotaxis and blocking assays

Cell-free culture supernatants (600 µl) from normal and senescent AML12 cells were added to the lower chambers of Transwell inserts (Corning Inc.). A solution of DMEM/F12/10% FBS (600 µl) was used as the negative control. Alternatively, DMEM/F12/10% FBS containing recombinant CXCL-10 (10 ng/ml; R&D Systems, Inc.) was chosen as the positive control. NK cells (1×10^5^) were plated in the upper chambers of Transwell inserts. The upper and lower chambers were separated by a polyester membrane with 5-µm pores. The chambers were incubated for 8 h at 37°C in a humidified atmosphere containing 5% CO~2~, and migrated NK cells in the lower chamber were counted by flow cytometry using the BD FACSAria™ II flow cytometer. Briefly, the content of the bottom chamber was collected and migrated NK cells were identified on gate NK1.1^+^CD3^−^. The absolute numbers of NK cells were estimated using BD TruCount™ tubes (BD Biosciences) based on the formula: \[cell\] = (n° events counted per test × n° beads per test)/(n° events in bead region × test volume). A total of 10,000 beads were routinely collected to analyze the populations.

Blocking of CXCR3 on NK cells was performed by incubating 1×10^5^ NK cells with anti-CXCR3 monoclonal antibody (20 µg/ml) for 30 min at 37°C. In another blocking experiment, the cell supernatants were neutralized with anti-CXCL-10 monoclonal antibody (20 µg/ml; cat. no. AF-466-NA; R&D Systems, Inc.) for 30 min at 37°C. The migration of NK cells to the lower chambers was evaluated as above. Data are presented as percentage of migration based on total cell input. Experiments were performed in triplicate.

### Statistical analysis

SPSS (version 19.0; IBM Corp) was used to perform statistical analyses. For each independent experiment, a minimum number of three experiments were performed to ensure reproducibility and adequate statistical power. Differences between two groups were compared by Student\'s t-test. Multiple group comparisons were made by one-way ANOVA followed by Bonferroni or Tukey\'s test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Senescence phenotype in senescent hepatocytes

A previous study revealed that AML12 cells treated with H~2~O~2~ demonstrated typical morphological changes and a characteristic secretory phenotype ([@b13-etm-0-0-8037]). Senescent cells are able to crosstalk with other cells through several secretory factors; this phenomenon is known as SASP. In order to gain a better understanding of the phenotype of senescent AML12 cells, the presence of 111 different cytokines were examined in the cell-free culture supernatants of H~2~O~2~-treated AML12 cells, using a cytokine array ([Fig. 1A](#f1-etm-0-0-8037){ref-type="fig"}). The canonical SASP factors interleukin (IL)-1α, IL-1β, IL-6, C-C motif chemokine ligand (CCL)-2/monocyte chemoattractant protein-1, CXCL-1/growth related oncogene (GRO)-α and CXCL-2/GRO-β were markedly increased in senescent compared with normal AML12 cells ([Fig. 1B](#f1-etm-0-0-8037){ref-type="fig"}). Among these tested factors, CXCL-9, −10 and −11, which are known to be CXCR3 ligands, were also detected by ELISA. In the culture supernatants from senescent AML12 cells, only the concentration of CXCL-10 exhibited significant augmentation compared with the levels from the control group ([Fig. 1C](#f1-etm-0-0-8037){ref-type="fig"}).

### CXCL-9, −10 and −11 expression levels in senescent hepatocytes

In order to confirm the results from the cytokine arrays of supernatants, the expression of CXCL-9, −10 and −11 in senescent AML12 cells was further assessed using RT-qPCR and western blotting compared with non-senescent control cells. The mRNA expression level of these factors was increased in the senescent AML12 cells ([Fig. 2A](#f2-etm-0-0-8037){ref-type="fig"}). However, western blotting showed significantly enhanced expression of only CXCL-10 ([Fig. 2B](#f2-etm-0-0-8037){ref-type="fig"}). Therefore, it can be postulated that CXCL-10, as a CXCR3 ligand, is involved in the chemotactic recruitment of immune cells.

### Senescent hepatocytes stimulate the expression of CXCR3 in NK cells

As NK cells express several chemokine receptors exerting an important defensive function, it was hypothesized that chemokine signaling was involved in the trafficking of NK cells in the senescent liver. RT-qPCR was performed to determine the expression of CXCR3 mRNA in NK cells treated with cell culture supernatant from senescent AML12 cells. The expression levels were significantly increased following treatment with the supernatants of senescent AML12 cells ([Fig. 3A](#f3-etm-0-0-8037){ref-type="fig"}). The expression of CXCR3 on the surface of NK cells stimulated by senescent hepatocyte supernatant, as determined by flow cytometry, was 77.8±1.48%, compared with 24.9±1.60% on the resting NK cells ([Fig. 3B](#f3-etm-0-0-8037){ref-type="fig"}).

### Effects of senescent hepatocytes on NK cell activity and function

To investigate the effects of senescent AML12 cells on NK cell function, the surface expression of markers of NK cell activation Ly49D and CD107a, and the intracellular expression of IFN-γ ([@b15-etm-0-0-8037],[@b16-etm-0-0-8037]), were determined. NK cells stimulated with the supernatant of senescent AML12 cells showed significantly increased expression of CD107a and IFN-γ. Following incubation with the supernatant of senescent AML12 cells, CD107a expression on the surface of NK cells increased \>2.5-fold, resulting in 15.9% of NK cells expressing CD107a. The intracellular expression of IFN-γ was also upregulated 2.5-fold. However, there was no significant increase in the expression level of Ly49D ([Fig. 4](#f4-etm-0-0-8037){ref-type="fig"}).

In order to demonstrate the cytotoxic effect of NK cells stimulated by the supernatant of senescent AML12 cells *in vitro*, NK cells were co-incubated with Hepa-1c1c7 cells at E:T ratios of 5:1, 10:1 and 20:1. At each ratio, the treated NK cells exhibited significantly increased cytotoxic effects compared with the control group ([Fig. 5](#f5-etm-0-0-8037){ref-type="fig"}).

### Senescent hepatocytes enhance migration of NK cells via the CXCL-10/CXCR3 axis

To test the chemotactic activity of NK cells affected by senescent hepatocytes, NK cells were plated in a chamber assay, and their migratory response to the culture supernatant of senescent AML12 cells was evaluated. The migrating NK cells were 1.73±0.14% to untreated DMEM/F12 medium, 1.65±0.18% to normal AML12 cells, and 19.6±0.32% to senescent AML12 cells ([Fig. 6](#f6-etm-0-0-8037){ref-type="fig"}). The migration of NK cells was \~12-fold higher towards senescent AML12 cells compared with that to normal hepatocytes. To determine the effect of the CXCL-10/CXCR3 axis on the migration of NK cells to senescent AML12 cells, anti-CXCR3 or anti-CXCL-10 antibodies were used to neutralize the effect of these proteins on chemotaxis. The addition of these antibodies significantly inhibited the migration of NK cells to the supernatant of senescent AML12 cells.

Discussion
==========

*In vitro* and *in vivo* experiments in cell lines, animal models and humans have demonstrated that senescence of hepatocytes, cholangiocytes, stellate cells and immune cells is involved in a wide spectrum of chronic liver disorders ([@b17-etm-0-0-8037]--[@b20-etm-0-0-8037]). In chronic viral hepatitis B and C, alcohol-related liver disease and non-alcohol-related fatty liver disease, senescent phenotype of hepatocytes is clearly detectable within the liver parenchyma ([@b21-etm-0-0-8037]--[@b24-etm-0-0-8037]). Senescent hepatocytes have been shown to accumulate with ongoing liver insult. Given the anti-apoptotic nature of senescent cells, senescent hepatocytes are likely to persist for a long period. During advanced stages of liver disease, the liver undergoes an enormous burden of senescence, since as many as 80% of hepatocytes are in this state ([@b25-etm-0-0-8037]). As senescent cells can be eliminated by attracting both adaptive and innate immune cells, senescence is a dynamic process ([@b26-etm-0-0-8037]--[@b27-etm-0-0-8037]). The lack of immune-mediated clearance of senescent hepatocytes in chronic liver diseases is likely to contribute to the clustering of these cells. The recruitment of immune cells for the clearance of cell debris and senescent cells plays a crucial role in wound healing. Moreover, immune clearance of senescent cells can markedly decrease the incidence of hepatocellular carcinoma development ([@b28-etm-0-0-8037]). A previous study using a mouse model reported that monocytes/macrophages orchestrated by CD4^+^ T cells executed the clearance of senescent hepatocytes, which inhibited the development of liver tumor ([@b28-etm-0-0-8037]).

It is widely accepted that senescent cells have a considerable impact on their microenvironment through SASP factors. SASP acts as a messenger between senescent cells and neighboring cells, contributing to tissue repair, inflammation and tumorigenesis. The most prominent cytokines of the SASP are IL-1, IL-6 and IL-8. Expression of IL-6 and IL-8 can be enhanced by IL-1, indicating a hierarchy of SASP regulation. IL-1 can promote the development of a senescent phenotype in neighboring cells through paracrine activity ([@b29-etm-0-0-8037]). IL-6 and IL-8 act as an autocrine feedback loop and strengthen senescence by halting growth. The present study revealed that senescent hepatocytes exhibit SASP, expressing various chemokines, such as CCL-2, CXCL-1, CXCL-2 and CXCL-10. Similarly, senescent biliary epithelial cells induced by oxidative stress, DNA damage or serum deprivation upregulate the expression of chemokines, including CCL2 and C-X3-C motif chemokine ligand 1 (CX3CL1). It was demonstrated that senescent biliary epithelial cells in primary biliary cirrhosis recruited monocytes by secreting CCL-2 and CX3CL1, and possibly participated in the modulation of the inflammatory microenvironment ([@b30-etm-0-0-8037]). Additionally, the present study demonstrated that senescent hepatocytes induced significant chemotaxis of NK cells, by secreting CXCL-10. It is of particular interest that only the protein level of CXCL-10 was significantly upregulated, despite increased mRNA expression of CXCL-9, −10 and −11. The reason for the difference between protein and mRNA level lies in the fact that, following synthesis, certain SASP factors still undergo post-translational modifications prior to their paracrine actions. For example, during oncogene-induced senescence, the inflammasome (a protein complex formed by caspase 1 and accessory proteins) serves an important role in the activation of the IL-1-signaling pathway, by processing and activating IL-1β ([@b31-etm-0-0-8037]).

The results of the present study suggest that senescent hepatocytes participate in the adjustment of the microenvironment, by recruiting NK cells and possibly other types of immune cells via chemokines. NK cells are an important component of the innate immune system that rapidly responds to intracellular pathogens and tumors, through IFN-γ secretion and perforin-dependent target cell elimination ([@b32-etm-0-0-8037],[@b33-etm-0-0-8037]). The cytotoxicity of NK cells relies on the directed release of the contents of lytic granules, which are specific secretory lysosomes that contain perforin, granzymes and Fas ligands ([@b34-etm-0-0-8037],[@b35-etm-0-0-8037]). The first step in response to pathogens involves the recruitment of NK cells to the site of infection or tumor. The selective expression of different chemokine receptors on the surface of NK cells regulates the hepatic recruitment of NK cells. Recent data demonstrated that CXCR3-mediated recruitment of functionally distinct NK cell subpopulations may serve a role in the regulation of infection and autoimmune hepatitis ([@b36-etm-0-0-8037]--[@b37-etm-0-0-8037]). A CXCR3-knockout mouse model showed that NK cells were significantly decreased at the site of tumor infiltration, and CXCL10-controlled NK cell recruitment was correlated with tumor cell suppression as well as improved prognosis ([@b38-etm-0-0-8037]).

In the present study, NK cells stimulated by senescent hepatocytes resulted in a 3-fold increase in the expression of CXCR3. In addition, NK cells stimulated by senescent hepatocytes displayed a significant increase in IFN-γ production and higher expression of the NK cell receptor CD107a. CD107a is associated with lysosomal membranes and the degranulation of NK cells, and is as a marker of activation ([@b39-etm-0-0-8037]). Thus, senescent hepatocytes may result in the upregulation of CXCR3 in NK cells and induce NK cell activation.

CXCL-10 is among the chemokines that mediate the migration of leukocytes to the pathological sites in various liver diseases, primarily through CXCR3 ([@b11-etm-0-0-8037]). The findings of the present study demonstrated that senescent hepatocytes enhanced the migration of NK cells *in vitro* through the CXCL-10/CXCR3 axis. Similarly, recent studies have shown that CXCL-10 is implicated in the pathogenesis of liver inflammation and tumor. For instance, CXCL-10 neutralization in mice fed with a methionine- and choline-deficient diet decreased lipid accumulation and inflammatory cell infiltration, which eventually prevented non-alcoholic steatohepatitis (NASH) ([@b11-etm-0-0-8037]). It was demonstrated in human NASH that circulating and hepatic CXCL-10 levels were significantly higher and were regarded as a potential noninvasive biomarker. A study on concanavalin A-induced hepatitis revealed increased release of CXCL-9, −10 and −11 in hepatic cell lines, following IL-27 stimulation, whereas CXCL-10 and CXCL-11 proteins were significantly augmented in the sera of mice ([@b40-etm-0-0-8037]).

In conclusion, the findings of the present study provide important insights into the CXCL-10/CXCR3 axis in senescent hepatocytes and NK cells. Senescent hepatocytes secrete various chemokines, including CXCL-10. NK cells, in response to senescent hepatocytes, induce the upregulation and activation of CXCR3. Furthermore, senescent hepatocytes enhance the migration of NK cells via the CXCL-10/CXCR3 axis. Therefore, targeting the CXCL-10/CXCR3 pathway may regulate NK cell mobilization towards senescent hepatocytes, and lead to a novel strategy for intervening senescence-associated pathologies in liver diseases.
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![Cytokines in cell-free culture supernatants of senescent hepatocytes. (A) Representative images of cytokine arrays. 1, CCL-2; 2, CXCL-1; 3, CXCL-10. (B) Bar graph representing the densitometry of the spotted antibody array results. The secretion of IL-1α, IL-1β, IL-6, CCL-2, CXCL-1 and CXCL-2 was differentially increased. (C) ELISA analysis of CXCL-9, −10 and −11. The levels of only CXCL-10 exhibited significant augmentation. n=5. Data were analyzed by Student\'s t-test. \*\*P\<0.01. IL, interleukin; CCL, C-C motif chemokine ligand; CXCL, C-X-C motif chemokine ligand.](etm-18-05-3845-g00){#f1-etm-0-0-8037}

![Expression of CXCL-9, −10 and −11 in senescent hepatocytes. (A) Expression of mRNA in senescent AML12 cells was measured by reverse transcription-quantitative PCR in comparison with controls. (B) Relative protein levels in senescent AML12 cells were determined by western blotting. n=3. Data were analyzed by Student\'s t-test; \*\*\*P\<0.001. CXCL, C-X-C motif chemokine ligand.](etm-18-05-3845-g01){#f2-etm-0-0-8037}

![Effect of the supernatant of senescent hepatocytes on the expression of CXCR3 in NK cells. Expression of CXCR3 in NK cells stimulated by supernatant from senescent AML12 cells was significantly increased. (A) CXCR3 mRNA expression was analyzed by reverse transcription-quantitative PCR (B) Surface expression of CXCR3 on NK cells was measured using flow cytometry. n=3. Data were analyzed by one-way ANOVA with Bonferroni\'s post hoc test. \*\*\*P\<0.001. CXCR, C-X-C motif chemokine receptor; NK, natural killer.](etm-18-05-3845-g02){#f3-etm-0-0-8037}

![Effects of the supernatant of senescent hepatocytes on the expression of Ly49D, CD107a and IFN-γ in NK cells. NK cells were treated with supernatant from senescent or normal AML12 cells for 72 h. Flow cytometry analysis of the cell surface expression of (A) Ly49D and (B) CD107a. (C) Flow cytometry analysis of intracellular expression of IFN-γ. n=3. Data were analyzed by one-way ANOVA with Bonferroni\'s post hoc test. \*\*\*P\<0.001. NK, natural killer; IFN, interferon.](etm-18-05-3845-g03){#f4-etm-0-0-8037}

![NK cell cytotoxicity for Hepa-1c1c7 cells. NK cells stimulated by supernatant from senescent AML12 cells were co-incubated with Hepa-1c1c7 cells at E:T ratios of 5:1, 10:1 and 20:1 for 4 h. The cytotoxic activity of NK cells was examined using the CytoTox 96 Non-Radioactive Cytotoxicity Assay system. n=5. Data were analyzed by one-way ANOVA with Bonferroni\'s post hoc test. \*\*\*P\<0.001. NK, natural killer; CXCR, C-X-C motif chemokine receptor; CXCL, C-X-C motif chemokine ligand; E, effector; T, target.](etm-18-05-3845-g04){#f5-etm-0-0-8037}

![Migration of NK cells in response to supernatants from senescent AML12 cells. Anti-CXCR3 or anti-CXCL-10 antibodies were used for the blocking assay. The percentage of NK cell migration was calculated by dividing the number of cells that migrated to the lower well by the total number of cells. n=3. Data were analyzed by one-way ANOVA with Tukey\'s post hoc test. \*\*\*P\<0.001. NK, natural killer; CXCR, C-X-C motif chemokine receptor; CXCL, C-X-C motif chemokine ligand.](etm-18-05-3845-g05){#f6-etm-0-0-8037}
